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ABSTRACT: Ventilation systems are incorporated at intensive poultry farms to control environment conditions and thermal comfort of broilers. The ventilation system operates based on environmental data, particularly measured by sensors of temperature and relative humidity.
Sensors are placed at different positions of the facility. Quality, number and positioning of the sensors are critical factors to achieve an efficient performance of the system. For this reason, a strategic positioning of the sensors associated to controllers could support the maintenance and management of the microclimate inside the facility. This research aims to identify the three most representative points for the positioning of sensors in order to support the ventilation system during the critical period from 12h00 to 15h00 on summer days. Temperature, relative humidity and wind speed were measured in four different tunnel ventilated barns at the final stage of the production cycle. The descriptive analysis was performed on these data. The
Temperature and Humidity Index (THI) was also calculated. Then, the geostatistical analysis of THI was performed by GS + and the position of sensors was determined by ordinary kriging. The methodology was able to detect the most representative points for the positioning of sensors in a case study (southeastern Brazil) . The results suggested that this strategic positioning would help controllers to obtain a better inference of the microclimate during the studied period (the hottest microclimate), considered critical in Brazil. In addition, these results allow developing a future road map for a decision support system based on 24 h monitoring of the ventilation systems in broiler houses.
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Positioning of sensors for control of ventilation systems in broiler houses: a case

Introduction
Livestock production, especially broiler rearing, in tropical countries is affected by the confluence of high temperature and relative humidity values, which hinder the production process (heat stress and mortality problems) when the animals are at the final stage of the production (Bustamante et al., 2013; Nääs et al., 2010; Petracci et al., 2006; Renaudeau et al., 2012) . The thermal environment represented by temperature, relative humidity, wind speed and solar radiation can endanger homeothermy, which plays a key role in broiler production by affecting productive response (feed efficiency and weight gain) and animal welfare (Khan et al., 2011; Razuki et al., 2011; Roussan et al., 2008; Yahav et al., 2004) . The ventilation system becomes an important factor to determine optimal conditions for livestock farms. Indeed, it is a key factor to ensure control of the microclimate inside the livestock building (Calvet et al., 2011 ).
An inadequate design of the ventilation system (insufficient number of exhaust fans and a cooling area smaller than recommendations) or a wrong positioning of the sensors will provide no representative information for controllers. Consequently, the response of the automatic system (controllers) in terms of the number of exhaust fans to be switched on or off would be insufficient to reach the ideal environmental conditions (Miles et al., 2013; Moore et al., 2011) . The use and support of mathematical tools and computational techniques help to understand the operating conditions to achieve an effective control of the system (Kwon et al., 2015; Mirzaee-Ghaleh et al., 2015; Rojano et al., 2015) . In this research, a solution is implemented by means of the strategic positioning of sensors. Thus, this study aims to identify the most representative points for the positioning of sensors of temperature and relative humidity in order to support the ventilation system (controllers) inside the broiler house during the period from 12h00 to 15h00 in the summer, considered as a critical period for Brazilian growers. The positioning of the sensors was obtained by using the geostatistical analysis with software GS + (Robertson, 1998) and the maps of spatial distribution of variables were developed through the software Surfer (Golden Software, 1999) and software Sanos (Van Groenigen et al., 1999) . A three-step methodological approach is followed to obtain the strategic positions to place the sensors.
Materials and Methods
Broiler farms
The experiments were carried out in four poultry facilities, located in the municipality of Amparo, São Paulo State, Brazil (Latitude 22º42'04" S, Longitude 46º45'52" W; 674 m above sea level) and in the municipality of Socorro, São Paulo State (Latitude 22º35'29" S, study Longitude 46º31'44" W, 752 m above sea level). According to the international system of Köppen, the predominant climate in this region is characterized as Cwa (dry winter and hot summer), with an average air temperature 22 °C in the hot season and 18 °C in the cold season (Alvares et al., 2013) .
The following broiler houses (tunnel-ventilation) were monitored: Blue House (BH) type; Dark House (DH) type; Double Wide House (DWH) type; and Solid Wall (SW) type. These farms have ventilation systems with negative pressure. The roof is made of fiber cement; they have automatic feeding and drinking lines, built-up litter from the second batch and the same commercial strain (Cobb Vantress 500). However, there are differences in platform locations, dimensions, lateral isolation, pad cooling, number of exhaust fans and flock density:
Blue House -dimensions: length, 90 m; width, 17 m; sidewall height 2.5 m; roof 23 %; ten exhaust fans (diameter 1.38 m) installed; no cooling pad system; curtain polyethylene material for lateral isolation (blue color inside, light gray color outside); and flock density 15 bird m 
The methodological approach
The methodology is divided into a framework of three steps (Step 1: Pre-processing, Step 2: Processing and Step 3: Post-processing). The pre-processing consists of the measurement of dry bulb temperature (DBT: Dry Bulb Temperature -°C), relative humidity (RH: Relative Humidity -%), and wind speed (WS: Wind Speed -m s −1 ) data inside the facilities, along with the calculation of the Temperature and Humidity Index (THI). The processing step refers to data analysis using descriptive statistics (temperature, relative humidity, and wind speed), geostatistics (THI) (GS + software) by the method of kriging (Surfer software) and the use of space simulation algorithm (Sanos software). Finally, the step of post-processing is based on determining the X and Y coordinates of the three representative points for positioning of sensors of temperature and relative humidity that will support the ventilation system controller (Figure 1 ) in future experiments.
Step 1: Pre-Processing -Data measurement and THI
The experimental design contains four units (broiler farms), each with a different building typology. The process of collecting data was independent for each facility on different dates, but during the same summer season. The data also were divided according to the phase of the rearing process: ages 28, 35 and 42 days. The data were not measured simultaneously in the three studied phases. For instance, a farm could be at the 28-d phase during a date "x", but another farm could be at a different phase of the rearing process on a date "y", with "x" different from "y". The units were treated statistically independently.
Data on DBT, RH, and WS were measured during the most critical and representative period of the day (from 12h00 to 15h00) according to Brazilian conditions in a typical summer season. During this period, birds can show acute heat stress, especially on the final phase of broiler rearing (Curi et al., 2014) . The most adverse climatic conditions are commonly observed around 14h00. For this reason, data were measured around this time in 52 equidistant points ( Figure 2 ) by using only one sensor for temperature and wind speed and another for relative humidity: one hot wire anemometer was used to collect temperature and wind speed measurements and Figure 1 − The three-step methodological approach. DBT = dry bulb temperature; RH = relative humidity; WS = wind speed; THI = temperature and humidity index; BH = blue house facility; DH = dark house facility; DWH = double wide house facility; SW = solid wall facility.
one thermal hygrometer sensor, for relative humidity.
It is important to mention that the acquisition of data lasted approximately 40 min for the 52 positions where the data was instantaneously measured. These 40 min contain a representative sample of the mentioned critical period. Indeed, this time contains almost 67 % (40 of 60 min) of that critical hour labeled as 14h00. The use of a representative and single period can also be observed in other studies aimed at monitoring and evaluating thermal conditions in broiler rearing facilities for preliminary purposes (Curi et al., 2014; Lima et al., 2015) . For the whole set of farms, the data were collected at the same height (bird heights, 0.30 m from the ground). The monitoring of thermal conditions (DBT, RH and WS) for each farm was performed weekly at bird age of 28, 35 and 42 days as mentioned before.
In addition, this research used a numerical method to correct the temporal delay of variables between each measurement (from the first to the last point - Figure 2 ). The method to fit this delay is described in Gabriel Filho et al. (2011) . The proposed method approximates the recorded values with time delays to the expected moment of interest, as if the data were measured simultaneously in all spatially distributed time points:
where: D represents values of the environmental variable, T is the time required to measure the variable D.
Thus, any value of D measure in time T can be calculated to estimate values for D in T . The Temperature and Humidity Index (THI) (Thom, 1959) was calculated by Equation 2 (with temperature and relative humidity datasets). This index quantifies thermal comfort of broilers. It is interpreted as follows: "Comfort" -64 < THI ≤ 74; "Warning" -74 < THI ≤ 78; and "Dangerous" -THI > 78 .
where: DBT represents dry bulb temperature (°C) and DPT represents dew point temperature (°C).
Step 2: Processing -Data analysis Climatic variables (temperature, relative humidity and wind speed) were evaluated by the classical statistical analysis using the Statistical Analysis System, version 9.2 (SAS ® software) through mean and standard deviation in order to obtain an average profile of the current thermal conditions in the facilities. These statistics refer to values for each facility in terms of the 52 positions during the critical hour (14h00) for the three studied phases of the rearing process.
Simultaneously, the geostatistical analysis of THI (supported by GS + software) was performed and considered as future input to determine the strategic points for positioning the sensors. The spatial dependence is analyzed by semivariogram fitting of THI, based on the assumption of intrinsic stationary process (Vieira et al., 1983) , which is estimated by Equation 3:
where: N(h) denotes the set of pairs of observation Z(x i ) and Z(x i + h) separated by a lag distance h. The semivariogram is represented by the relation ˆ( ) h γ versus h. The semivariogram parameters of a theoretic model labeled as nugget "C 0 "; sill "C 0 + C 1 "; and range "a" can be calculated from adjusting the mathematical model fromˆ( ) h γ . The spatial dependence (C 0 (C 0 + C 1 −1 )) of attributes was analyzed according to Cambardella et al. (1994) , who considers the strong structured spatial dependence of semivariogram when presenting a nugget effect < 25 % of sill, mild ranging from 25 % to 75 % and weak if > 75 %. The semivariogram models were spherical, exponential and Gaussian, adjusted by software GS + , version 7. Afterward, these models were used to develop kriged maps (kriging) -Surfer software. The semivariogram model was selected taking into account the higher correlation coefficient (R 2 ) that was obtained by the crossvalidation method.
Step 3: Post-Processing -Determination of strategic positions for sensors
The results of the geostatistical analysis (semivariogram model, range) were used as inputs in Sanos Soft- ware to identify and obtain the research goal, that is, the most three representative points (positions in X and Y coordinate - Figure 2 ) to a future placement of the sensors in each broiler farm. The method used in Sanos makes a selection from 52 positions to obtain the most three representative positions by an Optimization Criterion, called as Ordinary Kriging (Van Groenigen et al., 1999) . The decision to select three and not more than three points is due to economic reasons (costs) and the characteristics of the studied farms with negative pressure of ventilation systems. Each point requires two sensors (temperature and relative humidity) and negative pressure ventilation systems have three well-defined temperature zones (lower temperatures next to air inlet, middle temperatures around center of the house and higher temperatures close to exhaust fans). Therefore, this choice of three points matches with these prerogatives.
Results and Discussion
Environmental conditions -Descriptive analysis
After checking the thermal environment of each broiler house for the different bird ages evaluated during the research (Table 1) , the critical period (14h00) and 52 positions inside the facilities, the results (average) are listed as follows.
For temperature, none of the studied facilities achieved the ideal conditions according to literature recommendations (Cobb-Vantress, 2012; Nicholson et al., 2004 (Donkoh, 1989; Nääs et al., 2014) .
Relative humidity had a similar behavior to temperature, that is, almost all facilities presented a range of relative humidity with values higher than 77 % for each bird age stage, values that are absolutely outside the limits recommended by the literature for ideal conditions. The ideal values for relative humidity are between 50 and 65 % for birds at 28 days of age and between 50 and 70 % for birds at 35 and 42 days of age (Cobb-Vantress, 2012; Baracho et al., 2011 ). An exception was the facility Blue House (unused pad cooling) where humidity was lower than 50 % for measurements for birds at 28 and 42 days of age. It had the ideal condition (52 %) when birds were 35 days old.
A similar irregular situation occurred with wind speed. In almost all sets of experiments, the four studied facilities did not present reasonable values (between 1.5 and 2.5 m s The evaluated facilities in this study have automatic controllers in the ventilation system. However, it was observed that the values of measured variables are outside the recommended range for ideal conditions in broiler rearing. Information received by controllers was inadequate to manage both the appropriate number of exhaust fans and their operation time (switch on/off the ventilation system). Therefore, a better strategy must be implemented to improve the performance of the ventilation systems in relation to the thermal conditions observed inside the broiler houses.
The environmental data (Table 1) indicate an extreme overall condition of the microclimate that is not suitable for broiler rearing during the most critical period and for the three phases (28, 35, and 42 days old). It seems that the response of the ventilation systems is not efficient enough to ensure an adequate microclimate inside the facilities. Ventilation systems are necessary to reduce temperature, therefore, they should be re-dimensioned. Controllers require representative and accurate information of the climatic conditions inside the facilities to infer the adequate response: the activation of the appropriate number of exhaust fans and evaporative panels need to mitigate the current problem. A new and more precise positioning of sensors could support controllers in this task. If automatic response of the ventilation system is improved during the hottest hours, the system could adapt itself to other less severe environmental adversities (heat episodes) than those observed in these experiments.
The descriptive analysis shows a clear deficiency in the ventilation system that is persistent in these broiler houses (Bustamante et al., 2013) . Actually, birds in these facilities (Dark House, Double Wide House, and Solid Wall) remained under thermal stress, that is, the temperature was above 20 °C, as recommended by the Broiler Management Guide by Cobb-Vantress (2012) , at the final production stage with possible negative consequences in feed conversion and weight of the bird.
THI -Thermal Comfort Index and geostatistics
Semivariograms for the four types of facilities were calculated and adjusted, as shown in Table 2 . The best BH model was the Gaussian model and for DH, the spherical model. For the facility DWH, the exponential model was fitted at 28 and 42 days of age and spherical model at 35 days of age. For the SW, semivariograms were fitted to the Gaussian model at 35 and 42 days of age. At 28 days of age, the semivariogram reflected "pure nugget effect". In this case, the variability THI quantified by the semivariogram is attributed to the random effect, that is, nothing is concluded about the spatial dependence (Vieira et al., 1983) .
The range is the distance at which the sampling points are spatially dependent on each other (Journel and Huijbregts, 1991) , that is, points located in an area with a radius smaller than or equal to the range of similar points. For birds at 28 days old, the longest range was obtained at facility DWH (22.8 m), followed by DH (15.9 m) and BH (15.1 m). At 35 days old, DWH presented the longest range (22.8 m), followed by DH (17.5 m), SW (14.7 m), and BH (13.7 m) respectively. Finally, at 42 days of age, DWH again presented the greatest value (56.7 m), followed by DH (18.4 m), BH (17.5 m) and SW (15.1 m).
All facilities have a high spatial dependence (< 25 %) in relation to THI, an exception occurred at DWH (when birds were 42 days old), in that case the value was 41 % ( Table 2 ). The greater the spatial dependence (C 0 (C 0 +C 1 −1 )), the lower the contribution of the nugget effect on data variability and, then, the kriging is better.
The coefficient of determination (R 2 ) had values higher than a minimum of 0.75 in almost all the facilities and for each bird age. Only at DWH, at 35 days of age, the coefficient of determination was lower than 0.75 (0.662). All variables presented coefficient of determination (R 2 ) above 0.75, that is, the adjusted models explained 75 % of the variability in the values of estimated semivariance. GDE = Spatial Dependence; R 2 = coefficient of determination; SQR = Sum of squared residuals; GAU = Guassian model; Sph = Spherical model; Exp = Exponential model; BH = blue house facility; DH = dark house facility; DWH = double wide house facility; SW = solid wall facility.
The need for an effective control and understanding of the internal environment in broiler houses is the main reason to use different mathematical and computational methods such as the geostatistics analysis (Chowdhury et al., 2013; Miles et al., 2008; Miragliotta et al., 2006; Pereira et al., 2012) .
Strategic positioning of sensors
Maps from THI data (Surfer® 8.0 Software) describe graphically the thermal conditions inside the facilities. The three representative points obtained from the ordinary kriging algorithm indicate the best-differentiated geospatial positions (points X, Y) where sensors should be appropriately placed (Pereira et al., 2013) . Figures in this subsection are colored with three main colors and their degradation: red, yellow and green, an analogy with the TLP meaning (Traffic Light Panel). Green color codifies thermal comfort, yellow is for warning situation, and red color codifies dangerous conditions related to the THI index. This TLP association has been used as a potential tool to support decisions after statistical analysis and data mining applications (Gibert et al., 2008; Gibert et al., 2012; Gibert and Conti, 2014) .
For birds at 28 days of age (Figure 3) at BH, thermal conditions, according to the classification of the THI index, described warning conditions in about 78 % of the total area. The framework suggested that two sensors should be placed close to the middle of the facility and the last one next to the right side wall. At DH, about 90 % of its total area is in warning conditions and 10 % in dangerous conditions (regions of right and left side next to air inlet and the cooling pad). In this case, sensors should be placed in three regions (differentiated by their temperatures) according to previous experiences and works (Miragliotta et al., 2006) . The facility DWH had the worst conditions for broiler production. In the whole area (100 %), thermal comfort was in dangerous conditions. Sensors should be positioned across the longitudinal area between the sides and the middle zone following the direction of the X axis coordinate. At facility SW, it was not possible to establish the most representative positions to place sensors due to the "pure nugget effect".
For birds at 35 days of age (Figure 4) , the results were: the BH facility had 33 % of its total area in comfort conditions, 65 % in warning conditions and 2 % in dangerous conditions. Therefore, two sensors should be positioned in the zones identified as warnings (air inlet -left corner and in the center of the facility) and a third sensor at the transition space between the comfort and the warning areas (next to exhaust fans). The DH facility presented 87 % of comfort conditions. In this case, sensors should be placed next to exhaust fans at the corners (side walls). The DWH facility presented 80 % of its total area in comfort conditions. Sensors are close to the air inlet zone. At SW facility (73 % of its total area is in warning conditions), sensors should be placed in the middle zone, one in the center (in warning conditions) and the other two at the sides where dangerous conditions were detected.
Finally, for birds at 42 days of age ( Figure 5 ), the configuration of sensors positioning is described as follows: The BH facility is in warning conditions (air inlet zone) and in dangerous conditions (33 % of the total area) next to exhaust fans. Sensors should be positioned at the warning zones and the transition zone (between the warning and the dangerous conditions). DH presented about 80 % of its total area in comfort status. Two sensors should be positioned in the transition zone (from comfort to warning zone) and a third one close to the air inlet zone. The entire area of DWH facility is in warning conditions. Sensors should be placed following the direction of the Y axis, two sensors close to the air inlet zone and one next to exhaust fans. Only 17 % of the total area of SW is in a good status (air inlet zone) and 83 % in warning conditions. One sensor should be positioned at the comfort zone, a second one at the transition zone and the last one at the warning zone (left sidewall). The use of X and Y coordinates (Table 3) allows to identify the location of the main representative points. This would help a better monitoring of thermal conditions for each facility at each bird age in future experiments.
Considering the assessment of the points recommended by the optimization algorithm (ordinary kriging) and grouping the total results for the whole cycle (28, 35, and 42 days old) by means of a superposition of each map (three maps for each facility and 9 sensors positions) and dividing the maps into five main areas (air inlet, air outlet, right and left side lateral areas, and middle area), some important results are listed as follows. Sensors positions in BH occupied two significant regions, 78 % (7 of 9 sensor positions) was labeled to be positioned in the center of barn and 22 % near the left side. For DH, four regions were representative (55 % of sensors positions were detected in the center, 23 % near the right side, 11 % near the left side and 11 % near the air outlet). In DWH, three regions were identified for sensor positioning (55 % of the 9 sensor positions should be in the center area of the facility, 33 % near air inlet and 12 % near air outlet). Finally, for SW, three main regions are suggested to place the sensors (50 % in the center of the barn, 33 % near the left side and 17 % near the air inlet).
Based on the global results described in the previous paragraph and considering the actual conditions of the facilities, a final overview is presented. Sensors located at inlet areas described the behavior of the inlet air due to the changes and performance of the pad cooling. Sensors located at sidewalls demonstrated how external conditions influence internal conditions, once the isolating material is not the most adequate (Carvalho et al., 2012; Menegali et al., 2013) . In addition, sidewalls are affected by the orientation of the building in relation to sun radiation. Sensors in the middle area of the barn are already a common strategy that has been used in automatic ventilation systems (most automatic systems have sensors located at the middle of the facility without taking into consideration the lateral sidewalls). Then, this methodological approach has shown to be efficient to detect the different positions that describe the environment conditions inside the broiler houses (for the four types of studied facilities) during a critical and representative period (climatic conditions in southeastern Brazilian in the summer season). Unsuitable thermal conditions were detected during the three phases of the rearing process at the four facilities with measurements that were registered at different dates. The strategic positioning of sensors could be adopted in the future for a feasible solution oriented to support controllers. A better control for the ventilation system could be achieved due to correct position of the sensors. When accurate information is sent to controllers, the ventilation system has a better response and the performance improvement is more feasible.
Conclusions
The three-step methodological approach was proven to be efficient to detect the most representative points for sensors positioning. Sensors in these positions could send accurate information to automatic controllers of the ventilation systems in the four facilities studied during the research. It is a preliminary solution that needs to be evaluated empirically by means of two future works: (1) Comparison of microclimate conditions with the current positioning for sensors versus the proposal of this new strategic positioning, during the same critical period (from 12h00 to 15h00 with more samples and statistical tests), and (2) monitoring proposal with samples of 24 h (all day long) in order to validate whether this new positioning is able to describe accurately the microclimate inside the facilities as well as verify if the performance of the ventilation system is also improved.
The hypothesis is to apply the approach developed in this research because it does not require further economic efforts to invest (only changes for the current positioning of sensors are suggested). The objective is to implement a robust decision support system for the control of ventilation systems in broiler houses in Brazil, often affected negatively during the summer season.
